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‘ Extra Dimensions: Large, Small and Universal '

e Introduction:

= Eixtra Dimensions:
Flat Space and Warped Extra Dimensions

e The hierarchy problem and bulk gravity
e The Warped Extra Dimension Scenario

e Bulk gauge fields
= Transparent and Opaque Branes
= Eiffects of a Localized Higgs Field
= F'it to the Electroweak Precision Data

e Universal Extra Dimensions

= Dark Matter
= Six Dimensions: Chirality, Ny and Proton Stability
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‘ Extra Dimensions '

e Standard successful description of nature depends

crucially on the existence of three spacial dimensions.

e No information about the behavior of gravity in the
submilimiter range and of the standard model

interactions at energies above the weak scale.

e First attempt to unify the description of gravity and
electromagnetic interactions relied on an extra

dimension.

e They are required in string theory framework, which,

however, provides no guidance about their size.

e They should be compact (small)

= [f seen by SM particles — they should be of
subatomic size: R < 1077 cm ~ 1/TeV

== [f seen only by gravity, — they can be larger:
R <0.1mm

If gravity propagates in the extra dimensions —>

, fied: M2 — fund.\24d pd
Newton’s law modified: M7, = (ML, )*T*R

— This lowers the fundamental Planck scale, depending
on the size and number of Extra Dimensions
e Solution to hierarchy problem:

New problem: why R so large?
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‘ Warped Extra Dimensions .

Possible solution to hierarchy problem — warped space:

Non-factorizable metric:
ds? = 6_20nuydac“dac” + dy?
o(y) = ky ==-Solution to 5d Einstein egs.

5d Planck mass relates to M p;y:

A4fund 3
( Pl (1__6—2kL)

2k

Assuming fundamental scales of the same order:

Mp; ~ Mnd ~ oy ~ (k: warp factor)
—kL

2 _
A4Pl_'

— Physical Higgs v.e.v. suppressed by e

—kL kL

v=we ~ Mp; e

kL ~ 34 —> good solution to the hierachy problem
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Probing extra dimensions from our
4D world (brane)

4 Dimensional effective Theory

SM particles 4+ gravitons + tower of Kaluza Klein (KK)
states with the same quantum number of gravitons
Momentum in extra dimensions is seen as a mass in the

four dimensional world : For massless particles

2 2 _ .2 _ .2 _n
E P =Py = Mg > MKK = |

Flat case

e Coupling of gravitons to matter has standard 1/M p;
strength.

e Number of gravitons accessible at some energy E
grows like N = (E x R)?

e R ~1072 GeV (d =6); R~1 ~ 1073 eV (d = 2)
e Emission of KK graviton tower states: GGy, <+ Missing

Er (emitted gravitons appear almost as continuous
mass distribution).

e Graviton exchange in 2 — 2 scattering

e Cross section of graviton production grows with the
number of accessible gravitons

. : E R)“ d
o(ff =V +Miss.Ey) ~ L ~ —
o (vim)

where V = «, g depending on f = 1,q.
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Discovery reach at the LHC

Vs =14 TeV
iW(ev), W(uv)

Events / 20 GeV

| wiew)
D jZ(vv)

== total background

signal 6=2 M, =4 TeV
signal 6=2 M, =8 TeV
signal 6=3 M, =5 TeV
signal 6=4 M, =5 TeV
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Hinchliffe and Vacavant, ’01

Discovery reach depends on E%Ut and the fundamental
Planck scale and on the number of dimensions

With 100 fb~!, fundamental scales of 6 TeV and 10 TeV
for d = 4,2 can be probed
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Determination of number of
extra dimensions at a Linear

collider
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MD ~ 1 TeV.
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\ Black Hole Production ? I

e Two partons with center of mass energy /s = Mgy,
with Mpyg > M };}md collide with a impact parameter

that may be smaller than the Schwarzschild radius.
M d+1
RS ~ L BH
fund fund
Mp, Mp,

e Under these conditions, a blackhole may form

o If M]J;;Lnd ~ 1 TeV — more than 107 BH per year at
the LHC (assuming that a black hole will be formed

whenever two partons have energies above Mpy).

e Decay dictaded by blackhole radiation, with a
temperature of order 1/Rg. Signal is a spray of SM
particles in equal abundances: hard leptons and

photons.

e At LHC, limited space for trans-Planckian region and
quantum gravity. At a VLHC (/s > 100 TeV),
perfect conditions.
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‘ Black Hole production at the LHC .

My =7 eV~

0

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

M., GeV

Dimopoulos and Lansberg; Thomas and Giddings ’01
Sensitivity up to MEPd ~ 5 — 10 TeV for 100 fb~1.
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‘ Astrophysics constraints .

e Most relevant constrains come from SN 1987A
e 10°3 ergs released in a few seconds of SN collapse
e Standard sources account well for this

e Strong constraints on additional sources, like (many)

very light gravitons.

e Bounds on fundamental Planck energy depends
strongly on astrophysics variables, like the

temperature and density of the core

® Tiore ™~ 30-70 MeV

Miund > 50 TeV for d = 2
MEnd > 4 TeV for d = 3
Miund > 1 TeV for d > 4

Cullen, Perelstein

Eztra Dimensions: Small, Large and Universal Carlos E.M. Wagner, Argonne



‘ Warped Case I

e Graviton KK modes have 1/TeV coupling strength to
SM fields and masses starting with a few
hundred GeV.

e KK graviton states produced as resonances or may

contribute to ff production.

e One can rewrite the warp factor and the massive

graviton couplings in terms of mass parameters as:

mn

exp(—kL) = .

A~ Mpima
kxq

(1)
with 1 ~ 3.8, z, ¥ z1 + (n — 1)m.

e Calling n = k/Mp;, one gets that the graviton width

1S
3

N(G™) ~ myn? 22 (2)
1
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| Graviton Production at a Linear Collider '
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‘ Graviton production at the LHC .
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Davoudiasl,Hewett and Rizzo’00
From top to bottom n =1.,0.5,0.1,0.05,0.01
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‘ Determination of graviton spin at LHC .

—h
(o))
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Events/(0.2
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10 |

I I B
cos(0%)

Allanach et al. ’02

e Use angular distributions to determine the spin of the

resornance.

e Spin can be determined with 90% C.L. for Mg ~ 1.7
TeV, with 100 fb~! of luminosity (One can probe
narrow gravitons, with widths smaller than

experimental resolution, up to 2.1 TeV.).
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| Graviton Production at the Tevatron collider '

4 CDF Run II Preliminary (126 pb _1)

10
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pp — 171, with | = e and p. The Tevatron can already
put (rather weak) limits on RS gravitons. With 2 fb~! one
will be able to explore the TeV region.
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‘ Gauge Fields in the Bulk I

e Existence of TeV size or warped extra-dimensions, with
gauge fields propagating in the bulk

— interesting theoretical possibility

Consider a 5d space with fermion fields localized in

3-branes at y =0,L:

L= L2 [FYNFyy + ra P Funb(y) + rmF* Fud(y — L))

4g§
g — determinant of the metric. vV—g9 = e—4ky
M=0,1,2,3,5; uw=20,1,2,3 g5_2 — dim. of mass,

local brane term coefficients: r; = gg / g% — dim. of length
and
Fiun = 0 A — On AGy + FPC A5 A
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‘ Warped extra Dimensions I

Allowing for opacity in both IR and UV branes, the

orthonormality cond. for the KK mode decomposition

becomes AMN(z,,y = x5) = Zn frn(y) A (zH)

L
1
2 dy[14+2ryvé(y) +2r1r6(y — L)] frn(y) fm(y) = dnm
5J0
1 L
— dy e 2*Y £ (y) fl. (y) = mZ6nm

Conditions simultaneously solved if fy,(y) satisfies

[82 — 2kdy + e**Ym2 (14 2ryyvd(y) + 2r1RO(y — L))} frn(y) =0

(same eq. obtained from imposing that gauge fields are on
the mass shell). @ The bulk solution for KK modes
remains the same after introducing brane opacity e
boundary conditions at y=0 and y=L should reflect

discontinuity in the derivatives

g5
vVL+rir+ruv

g0 = foly) =
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Mass (k et )

10

‘ Opaque IR Brane I

e For sufficiently large kr;gr there is a mode with mass of

order ke %L that couples to the brane with strength
g1 = 4/ TfR go while the other modes decouple.

kL=345]
n:4 -
= i
(=)
F )
B 1N~
7 T T=
- 1 00
- +
n=1 7
7\ LIl ‘ Ll ‘ Ll ‘ Ll ‘ L1l ‘ I N N \7
0 10 20 30 40 50 60 70 80 90 100
r XK

e Forrip > L — g1 < go:
couples to IR brane matter with — g7 ~ g% R = 952, /TIR

Eztra Dimensions: Small, Large and Universal

[ |
G AN PPEEETEL L
10 =~ —
L n=1 4
L n=2 i
n=3
r n=4
0 _2 Ll ‘ Ll ‘ Ll ‘ Ll ‘ Ll ‘ Ll ‘ Ll ‘ Ll ‘ Ll ‘ Ll
0 10 20 30 40 50 60 70 80 90 100
re Xk

Only the zero mode
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Opaque IR and UV Branes

rrr,TUYV — 00 — an observer on either brane must be

insensitive to the extra dimensions + other brane.

—> two massless modes should appear, one l.c. of them

couples to each brane with local brane coupling strength

12 \\\\‘\\\\\\H\\\\\\\\\\\\\\\\‘\\\\‘\\\\‘\\\\

L kL =345
n=4

kL =345

10

j,-\ 8 E::& _______________________________ &
o i o M\ i
IV 1 oD 1
~ 6 — -~ —
2 [ 1 —=
S 4 o0
= n=2 4 NN TN L

4 e B s
- i n=1
2 i n=2
n=1 L n=3 =
7 n=4
[ | T . . . . 7 -2
O Ll L1l N T 10 Ll ‘ Ll ‘ Ll ‘ Ll ‘ Ll ‘ Ll ‘ Ll ‘ Ll ‘ Ll ‘ L1l
0 10 20 30 40 50 60 70 80 90 100 0O 10 20 30 40 50 60 70 80 90 100

rxk rxk

'R =Tyv =T:

e large r: first KK-mode mass — 0 and its coupling
becomes equal (and opposite in sign for UV brane fields)

to the zero mode one
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‘ Localized Higgs Effect I

To address the hierarchy problem, the Higgs responsible
for EWSB must be localized on the IR brane

In the low energy effective theory after canonical

normalization of the Higgs kinetic term

2
_fd4 {nuu (D H)TD H+ )\ (|H|2 e—QkL) }
yielding a localized gauge boson mass prop. to the
localized v.e.v., o = e kLy

Effects on the gauge field propagation induced by

a Higgs v.e.v. on the IR brane The presence of the v.e.v.

tries to induce a repulsion of the gauge field from the

brane location

For v > k

e Zero mode no longer flat with mass more and more

insensitive to v as it bends away from the brane.

e KK mode gauge couplings with m,, /ke %L > gsv/Vk,

and zero mode coupling, tend to small values.

e The ratio of the KK mode couplings to the zero mode
tends to a constant larger than v2k L (v = 0 value)
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10

‘ Higgs Field in Opaque IR Brane I

From the propagator with endpoints at the IR brane
Gp(L, L) ~—g2/ (P’ rrr+g39%)  p>ke *l (ripk>1)

Gp(L,L) ~ —g2/ |P* (L+ 1) + g39°| p<hke *F

kL =345
r=1
r=10

'
MY
A R 1Y
v\
A
A
2 ARE
\\\\\\\‘ \\\\\\\‘ I I 10 \\\\\\‘ | \\\\\\‘ A WL YK

10~ 1 10 10° 1 10

gsV/\/k gsv/\/k
e For v € k and p <€ ke %L — single state with

9o ~ g5/ L+ rrr and mg ~ go0, up to correc. of order
ggv2/ k — zero mode grows linearly with o

e If r;r > L, both propagators describe a single 4d state
with mass g;r v and coupling grR.
All other modes decouple.

e For v/k 2 1 — zero mode mass becomes insensitive to v;
other modes successively have masses prop. to v. and

couplings grr = g5//TIR
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‘ Electroweak Theory I

For a common term r for U(1) and SU(2), and going to
the basis Wﬁ =c?Z,+ A, B,=-s5Z,+ A,,

_ 2
s=gt/\/95 + 95"

5  _
LEw =
2
99 Wi WM N Lt 2rs(y - D] - 2pFy N FMN 1+ 206y — L)
2¢2 MN - 4e2
5 5
2 .2
— 34 S ZyNZMN 14 2r8(y — L)] — 2028(y — L) (W;\"/Iwﬁ/-’ + %ZMZM)}
e
5

with 1/eZ =1/g2 + 1/gf,_.)2 — 5d photon coupling.
e The quantities my and my are given by
ev ev

mZ:—(l—n€+) mW:—(l_C2T]€+)
SscC S

2k?L? — 2kL +1 e?v?
€ = .
” 8k(L +rin) s2c2k2

ev

= The 7Z zero mode mass, my = My = e

This defines s as a function of sg

2
Co
S = 80 (1_ﬁn€+)
€ — %o
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| Fermi constant '

e fi, fz and fa — zero mode wave functions at y = L,

fa=es/vV/L+r=e
fr = VIEEE (1 o) = (efse) s = /R T 92

fiy = m(l —2¢2ne) = (e/s)fww = gfw The photon

experiences no symmetry-breaking

— zero mode wave function is flat

Use precisely measured quantities: ay, Mz, G, to
determine SM electroweak parameters e, sin? 6y = sg, and

~

V.

Determine e5, s and v from data and leave r, L as free

parameters in the fit

— agl. yields e = e5 //L + r

= ¥ boson at zero momentum transfer with entire KK
tower effects:

1/9? = 4V/2G, = f2,/m%, + ZR#O f%vn/m%vn

with G, = 1.16639(1) x 107° GeV 2 yields ¢ ~ 123 GeV.
Fit to precision observables = determine r and L region

consistent with data.
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Parametrization in terms of
Oblique Corrections

Once G, Mz and az are fixed, all corrections to the
zero mode tree-level Lagrangian may be absorved into
corrections to the gauge bosons wave functions, and the
W-mass.

—> always possible when fermion couplings corrections are
flavor independent = rescaling fermion interactions to
unity redefining the gauge boson fields.

Therefore, although the corrections are at tree-level, they
can be parametrized as a function of the same oblique

parameters as the one-loop corrections

Tree-level 5d contributions to S, T' and U

. 4 2.2 1
5 = ¢ ( ~ A2) = —16s2c2°
(0 fZ
_ 1 m2 1
r = _( 2WA2 _A2>:_28gE
o C2meW fz o

Eztra Dimensions: Small, Large and Universal Carlos E.M. Wagner, Argonne



‘ Non-Oblique Corrections I

Due to non-oblique corrections associated with heavy KK
modes — define effective S, T' and U parameters to

describe the precision electroweak observables.

e Z-pole precision observables properly described
introducing an effective parameter, T, which includes the

non-oblique corrections to the weak mixing angle,

2 2 @ 1 2 2 )
s —s5g=——-=|-8—s“cT, , 3
07 2 g2 (4 eff (3)
where Teg =T + AT
2
AT = =1 Gt = ==Lne+ O()

0G, — non-oblique contribution from KK mode exchange.
This definition of T,.g recovers the relation between s and

sg derived from M,

e The non-oblique corrections to GG, affect also the
expression of myy /myz, but with a relative coefficient
between the oblique and non-oblique corrections encoded

in T.g different from the one in s2.

To properly parameterize m%v / m2Z in terms of effective

parameters Seg = S, Teg and Ueg

2 2 2 2
m oc 1 c“ — s
W 2 2
— — )= = | —=Ser + ¢ Teg + — = Uer
m2Z 0 02—82( 2 ° © 42 ~° ’

one can introduce Uyg = U — 452 AT .
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‘ Effective S, T, U parameterization I

serves to describe all Z-pole observables as well as myy .

The tree-level five-dimensional contributions, including the

non-oblique corrections to G, give:

— 168%0%
Sef = — ne+ ...~ —-366ne,
o

— 2
Teg = ——me+ ...~ —258n¢€,
a

— 8522
00
Uet =

ne+ ...~ 183 ne ,
o’

We see that S.g and Teg are negative while Uegg is

positive (and not small).

The full Seqg, Teg, and Uegg is given as the sum of the extra

dimensional contributions, and the Higgs contributions
1 m3
Sg~—1o h
H= 997 08 (m2 )
ref

3 m3
T ~ — lo
H 167rcg & (m%ef)

UHZO
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‘ Comparison with Data I

We consider two different fits to the precision electroweak
data: (Altarelli et al.)

e based on the analysis of the whole available SLD/LEP
and Tevatron data

S = 0.00 £ 0.11

T = —-0.03£0.13

U = 0.27 £0.14 . (4)
e ignoring the b-forward backward asymmetry, A% B

S = -—-0.14+£0.12

T = —-0.08£0.13

U = 0.20 £0.14 (5)

Note: weak mixing angle extracted from lepton
asymmetries differs by more than 3 o from its value from

the hadron asymmetries.

myp from the EW fit close to its experimental limit only
by virtue of A%B (measured A%B, about 2.6 away from
SM prediction). Removing the hadron asymm. from the fit
— considerably lower values of myy.
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‘ Fit to precision Data I
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rxk rxk

M. Carena, E. Ponton, T. Tait and C.E.M. Wagner
Green: Improvement over SM; Red: Three sigma
agreement

e Forr - 0 = m1 20 TeV.

e As r increases = a first KK photon with fermionic
couplings of the order of the zero mode couplings, and a

mass of a few TeV may appear

e For r X k ~ 20 and mi ~ 3.5 TeV — fit to the entire
data set as good as in the SM, and the fit to the data

without AII’? g consistent within 1o (improvement over SM

fit!)

e Varying mj; = 200 GeV — small variation
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\ Universal Extra Dimensions I

Most natural extension of four dimensional description:

e All particles live in all dimensions, including quarks,

leptons, Higgs bosons, gauge bosons and gravitons.

e Universality implies a translational invariance along
the extra dimension, and thus conservation of the

component of momentum in the that direction.

e This implies that a KK state with n # 0, carrying
non-zero momentum in the extra dimension, cannot

decay into standard, zero modes.

e The lightest KK particle is stable, being a good dark

matter candidate.

e Other intersting properties that arise in six
dimensions are natural proton stability and an

explanation of the number of generations
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‘ Orbifold I

e Massless 5d spinors have 4 components, leading to

mirror fermions at low energies.

e If extra dimension is compactified in a circle, no

standard chiral theory may be obtained.

e Chiral theories may be obtained by invoking orbifold
boundary conditions, projecting out unwanted degrees

of freedom.

e Fold the extra dimension, identifying y with —y

+T R

0 TR = 0e e TR

e Boundary Conditions:
U(—y) =v¥(y)
Vi(=y) = Vu(y), Vs (—y) = —V5(y)
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KK Decomposition

e We expand fields in KK modes:

S(at,y) = Y M (y)d" (") (6)

e Flat, universal extra dimension:

— Even fields (A,, V1) have zero modes:

oz, y) = \/ <I>0(:1:“’ )+ Z \/ ﬁ% cos <I>”(:1:“’) (7)

— Odd fields ( As, ¥R) don t:

O(xt,y) = Z\/—sm @”(xﬂ) (8)

n>1
— KK masses (before EWSB): n/R

e KK fermions are Dirac, with vector-like interactions.

e In a chiral theory, the left- and right-handed zero

modes each have a separate tower of KK modes.

e This is somewhat like SUSY, with each SM particle

accompanied by partner fields.
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‘ KK Parity I

e (Conservation of KK number is broken to conservation
of KK parity: (—1)™.

e KK-parity requires odd KK modes to couple in pairs:
e The lightest first-level KK mode is stable.
e First level KK modes must be pair-produced.

e The Lightest Kaluza-Klein Particle plays a crucial
role in phenomenology, similar to the LSP of SUSY:

e All relic KK particles decay to LKPs.

e Any first level KK particle produced in a collider

decays to zero modes and an LKP.

e KK parity is also present with boundary fields,

provided the same fields live on both boundaries.
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‘ Identity of the LKP I

e Boundary terms play a role analogous to soft
SUSY-breaking masses, determining masses and

couplings for the entire KK tower.

e If we imagine the boundary terms are zero at the

cut-off scale, they will be induced at loop size:

1
SM? o~ “ - log (AR) (9)

e This prescription is kind of like specializing to

mSUGRA from the MSSM.

e Since a1 K az < a3, we can imagine that the

smallest corrections are to the U(1) gauge boson:

e Since 6M ~ 1/R > My, the LKP is (almost) purely
a KK mode of the U(1) gauge boson: B&l).

e Following this line of reasoning, the NLKP is the

right-handed electron: e( )
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\ Dark Matter I

e Relic Density depends strongly on annihilation cross

section.

e In the case of universal extra dimensions, dominant
annihilation diagram is given by interchange of first

tower of KK particles.

B' WWW——f B

e Whenever the KK mode of the right-handed leptons
is close enough in mass to the LKP, coannihilation

should be also taken into account
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‘ Relic Density: Results I
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G. Servant, T. Tait ’02
Universal extra dimensions of the order of 500 GeV—-1 TeV
preferred for the LKP to be a good dark matter candidate
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Two Universal extra
Dimensions

e As happens in the case of one extra dimensions,

compactification in a circle (torus in this case) does
not lead to chiral fermions

e One should identify adjacent sides of the extra
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‘ Magic of 6 Dimensions I

e Cancellations of global gauge anomalies demands that
the number of generations N = 0 mod 3

e 6d Gauge and Lorentz invariance also demand that all
operators fulfill the condition

3AB+ AL =0 (10)

‘ Proton stability I

e In the SM, proton is stable.

e Simplest operators lead to the decay of

4
p—etab, withstrength ~ (%) (11)

This leads to a bound on M > 1016 GeV

e In six dimensions, the constraint on AB and AL
specified above, implies that the dominant decay is
p — e_l/el/,ﬂr‘*'ﬂ‘l'
, 1 \12 /mp )10
with strength ~ (M—R) (7)
Consistent with experimental bounds even if M ~ few

TeV.
Appelquist, Dobrescu, Ponton and Yee
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‘ Conclusions I

e Extra Dimensions may be used to address some of the

fundamental problems in particle physics
e They lead to new solutions to the hierarchy problem

e In certain frameworks, they may lead to novel
answers to (in)frequently asked questions, like the

number of families and the proton stability

e They can also have an impact on cosmology, by
leading to new dark matter possibilities and perhaps
to a new framework to address the cosmological

constant problem

e They also give new answers to the problem of flavor
and the smallness of neutrino masses, and have an

impact on unified scenarios.

e Most important, they may be tested by current or

future collider data.
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